Most strains of Candida albicans are capable of switching spontaneously and at high frequency between a number of phenotypes distinguishable by colony morphology. The switching frequency of Candida albicans strain WO-1 between two predominant phenotypes, 'white' and 'opaque', and a minor phenotype, 'fuzzy', increased dramatically with low doses of ultraviolet irradiation that killed less than 20% of the population. The ultraviolet irradiation effect continued to be expressed over many generations as evidenced by stimulated sectoring. Ultraviolet irradiation stimulated switching in both the white-to-opaque and opaque-to-white direction, suggesting that a common mechanism functions in both directions.
Most strains of Candida albicans are capable of switching spontaneously and at high frequency between a number of phenotypes distinguishable by colony morphology. The switching frequency of Candida albicans strain WO-1 between two predominant phenotypes, 'white' and 'opaque', and a minor phenotype, 'fuzzy', increased dramatically with low doses of ultraviolet irradiation that killed less than 20% of the population. The ultraviolet irradiation effect continued to be expressed over many generations as evidenced by stimulated sectoring. Ultraviolet irradiation stimulated switching in both the white-to-opaque and opaque-to-white direction, suggesting that a common mechanism functions in both directions.
I N T R O D U C T I O N
Most strains of Candida albicans switch frequently and reversibly between a limited number of phenotypes which can be discriminated by colony morphology (Slutsky etal., 1986 (Slutsky etal., , 1987 Pomes et al., 1987; Soll et al., 1987a, b, c ; Soll, 1987) . Cells in colonies of the standard laboratory strain 3153A generate variant colonies at a frequency below but after a switch the frequency increases to about (Slutsky et al., 1985) . The colony morphologies in the switching repertoire of strain 3 153A include original smooth, ring, irregular wrinkle, star, stippled, hat and fuzzy (Slutsky et al., 1985) . Low doses of ultraviolet (UV) irradiation which kill less than 15% of the cell population stimulate the frequency of switching in the parent strain by at least 100-fold (Slutsky et al., 1985) , suggesting that the switching mechanism involves DNA rearrangements. Switch phenotypes generated by UV irradiation exhibit the same increased frequency of switching as switch phenotypes generated by spontaneous switching. In a second switching system in strain 1001, cells switch between a smooth and 'rough' colony morphology and less frequently to a 'wavy' and 'fuzzy' phenotype (Pomes et al., 1987) . Benomyl-induced variants of this strain also exhibit increased frequencies of switching after UV irradiation. In a third switching system identified in strain WO-1, cells switch spontaneously and reversibly between a white colony forming phase and a grey, or 'opaque', colony forming phase (Slutsky et al., 1987; Soll et al., 1987a) . In the white phase, cells in the budding growth form are morphologically similar to the budding phenotype of most strains of C. albicans, but in the opaque phase, cells exhibit a unique bean shape with a pimpled surface (Slutsky et al., 1987; Soll et al., 1987a; Anderson & Soll, 1987) . The frequency of opaque colony-forming cells in white colonies and white colony-forming cells in opaque colonies has been measured to be as high as lo-* on solid medium (Slutsky et al., 1987) , but the frequency of switching in liquid medium has been estimated to be about or less (Rikkerink et al., 1988) , suggesting that the switching frequency of 'the white-opaque transition' can be affected by environmental conditions. In the present study, we have analysed the effect of low doses of UV irradiation on the switching system of strain WO-1.
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Growth of'stock cultures. White and opaque colonies were picked from fresh streaks of strain WO-1 on nutrient agar and inoculated into 125 ml Erlenmeyer flasks containing 25 ml of the defined medium of Lee et a f . (1975) , supplemented with 70 pg arginine ml-' and 0.1 ~M -Z~S O , (Bedell & Soll, 1979) . Cell cultures were rotated at 200 r.p.m. at 25 "C in a gyratory shaker-water bath. After 24 h, cells from these original cultures were inoculated into flasks containing fresh medium at an initial concentration of 1 x lo6 ml-l for white cells and 5 x lo5 ml-I for opaque cells. Cells were harvested in the mid-exponential phase of growth (2 x lo7 ml-l for white and 1 x lo7 ml-' for opaque) by filtration or centrifugation for UV treatment.
UV treatment and determination of switching Jrequency. A total of 1 x lo9 of either white or opaque cells was resuspended in 100 ml sterile distilled water in a 150 x 15 mm plastic Petri dish containing a stirrer bar. The dish was placed on a magnetic stirrer and the cell suspension was stirred for 5 min prior to irradiation. The UV source was a 15 W General Electric germicidal lamp (G15TB) with an emission wavelength of 254 nm. The lamp was positioned 20 cm above the dish. The energy emitted from the lamp after a 30 min warm-up period averaged 6.2 J s-l m-*. For 5, 10, 20, 40 and 60 s irradiation periods, the energy was 31, 62, 124, 248 and 372 J m-*, respectively.
A sample (100 pl) of cell suspension was removed from the Petri dish at each time interval. The cell suspension was sequentially diluted in sterile water to a final concentration of 1 x lo3 cells ml-I. From the final dilution 100 p1 (containing 100 cells) was spread onto 2% Bacto-Agar containing the components of the defined medium of Lee et af. (1975) supplemented with 70 pg arginine ml-'and 0.1 ~M -Z~S O , (Bedell & Soll, 1979) . Cell dilutions and platings were performed in dim light to prevent photoreactivation. In select experiments, agar plates containing 5 pg phloxine B ml-I were employed. Phloxine B selectively stains opaque cells red (J. B. Hicks, unpublished observations; Anderson & Soll, 1987) . Plates were incubated at 24 "C for 6 to 7 d, then scored for colony phenotype and sectoring. A colony was scored as 'white' or 'opaque' when the major portion exhibited that phenotype. A sectored colony was scored as 'sectored' (containing a patch or section of alternative phenotype) regardless of sector size. In the absence of phloxine B, only major sectors were visible; in its presence, major as well as minor sectors were visible (see Fig. 1 ).
R E S U L T S
Alternative colony morphologies in the white-opaque transition When cells from a storage streak of Candida albicans strain WO-1 were clonally plated on amino-acid-rich agar, the majority of cells generated white colonies with a smooth surface (W in Fig. 1 a) , which appeared in all respects similar to the primary colony phenotype of most other strains of C. albicans (Slutsky et al., 1987; Soll et al., 1987b) . After 7 d of growth at 25 "C, hyphae could be observed penetrating the agar on the underside of the colony, again a characteristic of the primary colony phenotype of other strains (Slutsky et al., 1985; Soll et al., 1987b) . These colonies are referred to as 'white' colonies and represent the white phase of the white-opaque transition of strain WO-1 (Slutsky et al., 1987; Anderson & Soll, 1987) . A minority of cells from a storage streak of strain WO-1 (usually less than 0.1 %) generated grey colonies on agar which were wider and flatter than white colonies (Op in Fig. la) . Few if any hyphae penetrated the agar on the underside of these colonies. Such colonies are referred to as 'opaque' colonies and represent the opaque phase of the white-paque transition of strain WO-1 (Slutsky et al., 1987; Anderson & Soll, 1987) .
When cells from a white clonal colony were replated on agar, the majority generated white colonies and a minority generated opaque colonies (Fig. lb) . At relatively low frequency, opaque sectors were generated at the periphery of white colonies (S in Fig. 1 d) . When cells from an opaque clonal colony were replated on agar, the majority generated opaque colonies and a minority generated white colonies (in Fig. lc) . Again, at low frequency, white sectors were generated at the periphery of opaque colonies (S in Fig. 1 e) . Since phloxine B selectively stains opaque cells, agar containing phloxine B provided a very sensitive test for visualizing very small sectors ( Fig. If) as well as the major ones also visible in the absence of the stain (Fig. 1 d) . In addition to generating white variants at low frequency, opaque cells also generated fuzzy colonies ( Fig. 1 g) , or fuzzy sectors (Fig. Z h) , at an even lower frequency. Fuzzy colonies were distinguished by dense hypha formation on the colony surface (Fig. lg) .
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EJect of' UV irradiation on viability and phenotypic switching of white phase cells In untreated suspension cultures of cells in the white phase, the frequency of switching has been estimated to be less than low4 (Rikkerink eta!., 1988 ; D. R. Sol1 and others, unpublished).
In the two experiments presented in Fig. 2(a, c and e) , white cell cultures which were grown in suspension and plated on agar without UV treatment generated zero opaque colonies out of 1321 total colonies in experiment 1, and zero out of 876 total colonies in experiment 2. This represents a frequency of less than 7.6 x opaque cells in the white cell culture in experiment 1 and a frequency below 1.1 x When white cells were irradiated with UV for a 5 s period (31 J m-*), approximately 11 % were killed in experiment 1 and 6% in experiment 2 (Fig. 2a) . This low dose of UV irradiation generated three opaque colonies out of 11 80 total colonies in experiment 1 (a frequency of 2.6 x and five opaque colonies out of 821 total colonies in experiment 2 (a frequency of 6.1 x Fig. 2c) . If the appearance of opaque colonies were due to selective death of white cells, and making a generous estimate of the frequency of opaque cells in the unirradiated white cell culture to be 1 in 1321 in experiment 1 (0 in 1321 was observed) and 1 in 876 in experiment 2 (0 in 876 was observed), then an 11 % kill in experiment 1 and a 6% kill in experiment 2 would still have resulted in no more than one opaque colony in either experiment. Therefore, selective white cell killing can not account for the increase in the absolute number of opaque colonies (Fig. 2c) after 5 s of UV irradiation in either experiment. This point is far more obvious in the results obtained after 10 s of UV irradiation. After 10 s of irradiation, approximately 17% of treated cells were killed in experiment 1 and 15% in experiment 2 (Fig. 2a) . This generated 20 opaque colonies out of a total of 1009 colonies in experiment 1 and 43 opaque colonies out of a total of 747 total colonies in experiment 2 (Fig. 2c) . Again, if the appearance of opaque colonies resulted from enrichment due to selective white cell death, then one would again expect no more than one opaque colony in either experiment after 10 s of irradiation. After 20 s of UV irradiation, 37% of the cells were killed in experiment 1 and 63% in experiment 2 (Fig. 2a) . This resulted in the genesis of 61 opaque and 5 fuzzy colonies out of 832 survivors in experiment 1 and 55 opaque colonies out of 328 survivors in experiment 2 (Fig. 2c) , again far more than the predicted number of 2, which would have been expected by enrichment. The proportion of variant cells in the population increased after a 20 s dose of UV irradiation from less than 0.08 % in the untreated cell population to 7.9% in experiment 1, an increase of 99-fold, and from less than 0.1 % to 17% in experiment 2, an increase of more than 170-fold (Fig. 2e ). After 40 s of irradiation, 98% of the cell population was killed in experiment 1 and 99.7% in experiment 2 (Fig. 2a) . In experiment 1, one variant colony was generated, and in experiment 2, two variant colonies were generated. Although the number of opaque cells in both experiments was higher than in untreated cultures, no conclusions about switching stimulation could be made due to the low number of survivors.
The frequency of variant colonies generated by UV irradiation of white cells provides an estimate of the proportion of cells in which a phenotypic switch was immediately stimulated. In contrast, the frequency of sectoring provides information on the heritability of the stimulated state, since the phenotypic switch in this case occurs many generations after irradiation. In experiment 1, the absolute number of white colonies with variant sectors increased from 3 in unirradiated cells to 1 1 for cells irradiated for 10 s (1 7 % kill) and to 15 for cells irradiated for 20 s (37% kill). Since phloxine B was not added to the nutrient agar in experiment 1, only major opaque sectors visible as grey regions were scored. In experiment 2, in which phloxine B was present in the agar, the number of white colonies with variant sectors increased slightly from 21 for unirradiated cells to 26 for cells irradiated for 10 s. A significant proportion of sectored colonies involved opaque colonies with white sectors. The combined data of colonies with variant sectors are plotted in Fig. 3(a and c) . The extremely high proportion of white colonies with opaque sectors in the unirradiated population in experiment 2 was probably due to the presence of phloxine B in the agar, which stains minor as well as major sectors (see Fig. If ). Even so, the proportion of sectored colonies (Fig. 2c) doubled from 2-4 to 5.0% after 20 s of irradiation in experiment 2. The proportion of sectored colonies decreased to zero in both experiments after 40s of irradiation, but the low survival numbers preclude an accurate in experiment 2. The combined frequency was below 4.6 x White-opaque transition in Candida colonies 1205 measure. The combined results of the two experiments suggest that sectoring is stimulated by UV irradiation.
Efect of UV irradiation on viability and phenotypic switching of opaque phase cells
In the three experiments presented in Fig. 2(b, d and f) , opaque cell cultures grown in suspension and plated on agar without UV irradiation generated 37 variant colonies out of a total of 699 colonies in experiment 1 (a frequency of 5.3 x lo-*), 6 out of 385 in experiment 2 (1.6 x For the summed data, the mean frequency is 2.1 x (43 out of 2031). All of the spontaneous variant colonies were white. In two of the three experiments, there was a significant increase in the absolute number of variant colonies after 10 s of irradiation and in all three experiments there was a dramatic increase after 20 s (Fig. 2 4 . After 20 s of irradiation, the absolute number of variant colonies rose from 37 in unirradiated cells to 57 in irradiated cells (54 white and 3 fuzzy) in experiment 1,6 to 30 (29 white and 1 fuzzy) in experiment 2, and 0 to 22 (white) in experiment 3. The percentage of variant colonies generated by survivors after 20 s of irradiation was 22%, 12% and 7 %, respectively, for experiments 1 to 3 (Fig. 2f) . For the summed data, the mean frequency after 20 s irradiation was 1.3 x 10-l (109 out of 828), a sixfold increase over unirradiated cells. The percentage cell death after 20 s irradiation in the three experiments was 63%, 35% and 67%, respectively (Fig. 26) . The increases in white colonies cannot be explained by selective UV killing of opaque cells for the same reason presented for irradiated white cells in the preceding section. These results demonstrate that UV stimulates the frequency of switching from opaque to white.
B . MORROW A N D O T H E R S
The frequency of opaque colonies with variant sectors increased with increasing irradiation (Fig. 3 4 . In all three experiments, the greatest effect was observed after 10 s of irradiation (Fig.  3b) . The absolute number of opaque colonies with variant sectors after 10 s of UV irradiation increased from 3 to 28 (white), 1 to 15 (white) and 0 to 3 1 (29 white and 2 fuzzy) in experiments 1, 2 and 3, respectively (Fig. 36) . The absolute number of sectored colonies then decreased after 20 s of irradiation from 28 to 5 (white), 15 to 9 (7 white and 2 fuzzy) and 31 to 5 (white), respectively. In contrast, the percentage of sectored colonies appeared to remain relatively stable between 10 and 20 s of irradiation (Fig. 3 4 .
It should be noted that the majority of variant colonies as well as sectors generated by UV irradiation of opaque cells was white, but a significant minority was fuzzy (Fig. 1 h) . It seems that fuzzy colonies and fuzzy sectors are generated more frequently by UV irradiation of opaque cells than white cells. and 0 out of 947 in experiment 3 (< 1.1 x
DISCUSSION
In the whiteeopaque transition, cells switch back and forth between two major phases characterized by differences in (1) colony phenotype (Slutsky et al., 1987) ; (2) cell shape, volume and mass (Slutsky et al., 1987) ; (3) surface topography and wall morphology (Anderson & Soll, 1987) ; (4) cytoplasmic ultrastructure (Slutsky et al., 1987) ; (5) antigenicity (Anderson & Soll, 1987) ; (6) sugar assimilation pattern (J. Anderson & D. R. Soll, unpublished) ; and (7) constraints on the bud-hypha transition (Anderson et al., 1989) . The white-opaque transition includes many of the traits of the original switching system characterized in C. albicans strain 3153A (Soll & Kraft, 1988) , including (1) a relatively high frequency of switching; (2) a high frequency of reversibility ; and (3) a limited number of alternative phenotypes. In the characterization of strain 3153A, it was demonstrated that the original strain generated variant colonies at a frequency of about and that low doses of UV which killed less than 20% of the cell population increased this frequency by about two orders of magnitude. Morphological variants obtained from UV irradiation of strain 3 153A continued to switch at high frequency, suggesting that UV irradiation not only stimulated switching at the time, or very soon after the time, of irradiation, but also effected a heritable state of high frequency switching (Slutsky et al., 1985) . The stimulation of switching in strain 3 153A by low doses of UV irradiation and the subsequent demonstration of UV-stimulated switching in two benomyl-induced morphological variants of strain 1001, B14 and B17, as well as in variants emanating from B14 and B17 (Pomes et al., 1987) , suggested induced mitotic recombination (Whelan & Soll, 1982) . However, highfrequency reversi bility rules out this possibility since mitotic recombination would result in homozygosis, which would require a single dominant mutation or a double recessive mutation for reversibility, neither of which occur at high frequency. It is more likely that switching results from reversible, site-specific rearrangements or transposition of genomic DNA. There are many examples of switching in prokaryotes (Silverman & Simon, 1983; Borst & Greaves, 1987) and eukaryotes (Hicks et al., 1977; Borst & Greaves, 1987) in which such mechanisms have been elucidated, and transposition of Ty elements in Saccharomyces cerevisiae has been demonstrated to be stimulated through UV-induced increases in Ty transcript levels (Rolfe et al., 1986) .
In the present study, we have demonstrated that UV irradiation also induces switching in the white-opaque transition of strain WO-1. Both white and opaque cells exhibited similar UV kill curves. In both cases, a biphasic kill curve was obtained indicating multiple targets and/or hits (Harm, 1980) which is consistent with the diploidy of C. albicans (Whelan, 1987; Olaiya & Sogin, 1979; Riggsby et al., 1982; Soll, 1984; Whelan & Soll, 1982) . The transition from low to high sensitivity occurred at 124 J m-*.
Low doses of UV irradiation which killed less than 20% of the cell population resulted in dramatic increases in the proportion of opaque cells in a white cell population. The increased number of opaque colonies resulting from white cell irradiation cannot be the result of enrichment due to selective white cell death, since the absolute number of opaque colonies per 100 irradiated cells (regardless of survival) increased with increasing dose.
In the four experiments in which opaque cells were irradiated, the level of white cells in the unirradiated populations varied from less than (in experiment 3) to 5.3 x lo-* (in experiment 1). Since each experiment was performed with a new opaque clone derived from the original stock cultures of strain WO-1, this variability appeared to be clonal. Clonal variability has also been observed for hypha formation (Anderson & Soll, 1989) and may be the result of high-frequency rearrangements or transposition of the moderately repeated sequence Ca7 (Soll et al., 1987a and c ; Hicks eta!., 1989 ). Regardless of the initial level of white cells in the opaque populations, low levels of UV irradiation also caused an increase in the absolute number of white colonies just as it caused an increase in the absolute number of opaque colonies in a treated white cell population. It is noteworthy that the stimulated frequencies of white colonies in opaque cell populations after 10 and 20 s of UV irradiation were comparable to the stimulated frequencies of opaque colonies in white cell populations after similar irradiation doses. The fact that UV irradiation stimulates switching to a similar extent in both the white-opaque and opaque-white direction suggests that similar mechanisms are involved in both directions.
Sectoring was also stimulated in both irradiated white and irradiated opaque cells,
B . M O R R O W A N D O T H E R S
demonstrating that the irradiation effect lasts through many cell divisions. This stimulation may be analogous to the stimulated high-frequency switching state of morphological variants emanating from the original 0-smooth parent of C. albicans strain 3153A (Slutsky et al., 1985) .
Finally, it should be noted that although the white-opaque transition appears analogous to the phase transition in Salmonella (Silverman & Simon, 1983) and the mating type switch in Saccharomyces (Hicks et al., 1977) because it exhibits two alternating phenotypes, minor phenotypes such as 'fuzzy' appear at a significant frequency. Interestingly, the fuzzy phenotype appeared more frequently in irradiated opaque cell populations than irradiated white cell populations, suggesting that fuzzy may emanate from an opaque progenitor.
